ABSTRACT This paper deals with the speed synchronization controller design for networked integrated motor-transmission (IMT) powertrains via controller area network (CAN). It is well known that, in current implementations, CAN has been widely used in the control system design of automotive powertrains. However, on the other hand, the application of CAN would not only lead to network-induced delays but also bring about protocol constrains, e.g., data package capability and utilization ratio limitation, which would deteriorate the system and make the controller design a challenging problem. This paper is to provide a co-design methodology that can cope with all these problems and ensure satisfactory control effect for the speed synchronization control of IMT powertrain systems. First, a networked IMT powertrain system using CAN as underlying network is presented and the dynamic model for the speed synchronization control is derived. Second, the network-induced delay model is introduced and improved considering data packet capability and utilization ratio limitation. The control-orient discrete-time model is also derived based on the improved delay model. Third, a co-design methodology using sliding mode controller and offline priority scheduling based on Lyapunov stability criterion is proposed. The results of simulations and tests show the effectiveness of the proposed co-design methodology.
I. INTRODUCTION
Integrated motor-transmission (IMT) powertrains are considered to be good choices for electric vehicles (EVs) because of their advantages in terms of vehicle drivability improvement, energy optimization and reducing the motor size [1] - [6] . According to recent researches [1] - [5] , with the electric motor's fast and precise response, the shifting process can be executed by the coordination control between driving motor and transmission based on the active motor speed and torque control. Therefore, the clutch is no longer necessary for the IMT powertrains [5] , [7] - [12] . In other words, the driving motor and transmission can be directly coupling, which can further simplify the powertrain system's structure a lot. Thus, there have been various researches on the clutchless IMT powertrain for EVs [7] , [13] - [16] . Moreover, for automotive powertrains, different transmissions have been developed and applied, e.g., automatic transmission (AT), continuously variable transmission (CVT), dual clutch transmission (DCT) and automated manual transmission (AMT), etc [8] . Owing to higher transmission efficiency and lower cost, AMT has been widely adopted in the IMT powertrain design for EVs [7] , [9] - [11] .
While enjoying the advantages of structure simplification, the control system design for the clutchless IMT powertrain becomes a challenging problem. According to the research of Tseng and Yu [7] , for a clutchless IMT powertrain based on AMT, the shifting process usually consists of seven phases as follows: 1) releasing the motor torque; 2) shifting to neutral position; 3) selecting the target gear; 4) adjusting the motor speed (electronic synchronization control); 5) releasing the motor torque; 6) engaging (mechanical synchronization); 7) restoring the motor speed (a strategy on the shifting process control for clutchless IMT powertrains in details, see [7] ). The electronic synchronization is an additional requirement in the shifting process due to the absence of clutch, which aims to guarantee the synchronization between the motor and transmission in the shifting process. Some researchers [2] , [3] , [7] , [21] have pointed out that the electronic speed synchronization control plays a critical role in the shifting process of clutchless IMT powertrains, which can greatly influence the shifting quality, e.g., shifting impact, shifting time and torque hole, and takes nearly half of the entire shifting time.
To improve the speed synchronization control for the clutchless IMT powertrains, the sliding mode controller (SMC), which is very robust to parameter variations and external disturbances, has been widely adopted in the controller design [7] , [8] , [17] . However, as a variable structure control technology, the SMC easily leads to oscillation problem due to the effects of control system, e.g., delays in control loop. Furthermore, in current implementations, the controller area network (CAN) has been widely used in the control system design for the powertrains of EVs [17] - [19] . An IMT powertrain has become a typical networked control system (NCS), where the data are exchanged via CAN from sensors to controllers and from controllers to actuators. The application of CAN would not only lead to network-induced delays but also bring out protocol constraints, e.g., data packet capability and utilization ratio limitation. These problems would deteriorate the system and make the controller design a challenge. According to the research of Caruntu et al. [20] , CAN-induced delays led to the traditional vehicle powertrain oscillation. Zhu et al. [21] pointed out that CAN-induced delays led to the IMT powertrain oscillation for EVs, and proposed a robust speed synchronization control design method [8] . In our previous study [17] , the oscillation phenomenon was also observed in the speed synchronization control for the IMT powertrains due to the CAN-induced delays, and an active period-scheduling approach has been presented to improve the system synchronization.
However, all these aforementioned researches for the automotive IMT powertrain control over CAN mainly focus on the network-induced delays without considering protocol constrains such as the data packet capability and utilization ratio limitation. In other words, the IMT powertrain over CAN is consumed as an ideal delay-time system. From the perspective of networked control, it is still possible to fail for the controllers which are robust to the delays. For a NCS, the co-design of scheduling and control [22] - [25] , where the control performance and protocol constrains are simultaneously considered, has great advantages, which has been widely applied in industrial networked control applications [24] - [26] . As a typical NCS, in the speed synchronization controller design for the IMT powertrains, the protocol constrains also should been considered.
Motivated by the shortcomings of existing control system design methods for the speed synchronization control, the contributions of this paper are as follows: firstly, in the system modeling process, both the network-induced delays and protocol constrains of CAN are considered. Secondly, a co-design methodology of scheduling and control is presented to deal with all the challenges and ensure the stability of speed synchronization control.
The rest part of this paper is organized as follows: In section II, the problem formulation on the speed synchronization control for a clutchless IMT powertrain system using CAN as underlying network is presented. The speed synchronization control model and the CAN-induced delays considering protocol constraints are derived. In section III, a co-design method of scheduling and control for the speed synchronization control is proposed. Moreover, from the application point of view, a discrete-time SMC is designed to improve the transient performance of the speed synchronization. Co-simulations in Simulink and CarSim are carried out to evaluate the effectiveness of the proposed controller in section IV. In section V, hardware-in-loop (HIL) tests are implemented to validate the proposed method in a real CAN environment. Finally, conclusions are summarized in section VI.
II. PROBLEM FORMULATION
In the design of clutchless IMT powertrains, AMT has been widely used because of its advantages such as light weight, low cost and high efficiency. In this study, a clutchless IMT powertrain system is considered, where a driving motor and a two-speed AMT are directly coupled without clutch shown in Figure 1 . In the control system, CAN is used as the communication medium to connect different electronic control units (ECUs) such as motor control unit (MCU), transmission control unit (TCU) and vehicle control unit (VCU), etc. In the shifting process, TCU controls the driving motor with MCU to work under different modes including free mode, torque mode and speed mode. The whole shifting process of the clutchless IMT system in detail can be referred to in [7] and [27] .
As a key issue in the clutchless shifting process, the speed synchronization control can be realized through active control of the motor with the speed measurements from sensors, e.g., the motor speed sensor and the transmission speed sensor. Usually, the motor speed sensor is connected to MCU and the transmission speed sensor is connected to TCU. The control command is computed by TCU. The measurements and control signals are exchanged via CAN, which makes the IMT system a typical NCS as shown in Figure 2 .
A. DYNAMICS MODEL OF IMT SYSTEM
A typical simplified dynamics structure as shown in Figure 3 , which is widely used in the control system design for the IMT powertrains [20] , is adopted in this study. According to Zhu et al. [8] , during the speed synchronization phase, the dynamic equations of the powertrain system can be written as:
where J in is driving motor's equivalent inertia converted to input shaft of transmission, ω m is rotational speed of driving motor, T m is electric motor torque, ω t is rotational speed of transmission, ω V is rotational speed of wheel, i g is main reducer ratio, J V is equivalent inertia of vehicle simplified to wheel shaft, T r is road gradient resistant torque of vehicle, M is total mass of vehicle, θ is slope angle of road, r is radius of tire, f is rolling resistance coefficient, ρ air is air density, A is front area of the vehicle, C D is coefficient of aerodynamic drag toque, V is vehicle speed. A brushless direct current motor (BLDCM) is adopted as the driving motor in this study as in [7] . Without losing generality, the simplified dynamics model of the motor-driving system can be expressed as below [8] , [10] :
where a and b are undetermined parameters, u is control input voltage of MCU. According to Tseng and Yu [7] , the method named recursive least square (RLS) algorithm can be used to identify the undetermined parameters a and b of the motor-driving system based on measuring the motor speed and the control input voltage (The identification of parameters, see [9] ).
For the obtained model of the motor-driving system, while assuming the system works in time-driven mode with a fixed sampling period T without considering the system delays, the discrete-time model of the motor-driving system can be described as follows:
where
As mentioned above, the purpose of speed synchronization control is to guarantee the synchronization between the motor and the transmission by actively regulating the motor speed. From the view of rotational kinematics of an IMT system, as shown in Figure 3 , the connection between the motor and the transmission is assumed to be rigid, therefore the synchronization between the motor and the transmission can be described quantitatively as an expression:
where ω m denotes the motor speed, ω t denotes the transmission speed and i n denotes the current transmission ratio. In the IMT system, different gear pair usually leads to different transmission ratio. In a shifting process such as from i n to i n+1 , the target motor speed can be described as
, where i n+1 denotes the target transmission ratio. Correspondingly, the speed difference between the current motor speed and the target motor speed is the necessary motor speed adjustment for rapid and smooth shifting gears as follows [8] :
In the upshifting process, as i n+1 < i n , the motor speed is required to reduce by | ω m |. Conversely, in downshifting process, i n+1 > i n , the motor speed should increase by | ω m |. 
C. NETWORK-INDUCED DELAY ANALYSIS
As shown in Figure 2 , CAN is used in both feedback and forward channels for the control system, so the networkinduced delays will be inevitably imposed into the control loop as shown in Figure 4 . And the entire network-induced delays in the loop can be described as follows:
where τ k is the entire network-induced delay in the loop at kth period, τ ca,k is network-induced delay in forward link at kth period, τ sc,k is network-induced delay in feedback link at kth period.
In the shifting process, it is necessary to ensure rapid response of the control system. Therefore, it is reasonable to assume that: the sensor node works in time-driven mode with the fixed sample period; both the controller node and the actuator node work in event-driven mode, in which the nodes will immediately implement a specified task once a valid packet is received via CAN, and the task execution time in each node can be ignored.
With such assumptions, the network-induced delays in loop of the IMT control system are shown in Figure4. And the upper bound of the CAN-induced delays of each packet can be determined through an expression considering the data packet capability and utilization ratio limitation, which is described as follows [29] , [30] :
with R worst,j being the worst-case response time of the message j passing through network, which consists of the queuing delay and physical transmission time; t j being the worst-case queuing delay of the message j, which can be calculated by a recursion formula in (7); C j being the maximum physical transmission time of the message j with frame interval of 3 bits considering the data package capability; τ bit being the time taken to transmit a bit on CAN; B j being the maximum blocked time for the message j, equaling the maximum physical transmission time of any lower-priority message being transmitted which can be calculated by the expression in (8); f baud being the network baud rate; N being the number of messages, which also denotes the upper bound of priority j and subject to the network utilization ratio limitation as in (9); U net being the network utilization rate, which can be calculated as in the expression (9); Z + denoting positive integer set; T i being the period of the message j; d j being the data length in a packet subject to the protocol of CAN; j being the ID tag of the message j, which also denotes the priority of the message j, and in a CAN-based system the smaller the value of the j, the greater the priority. According to Figure 2 and expression (5), the networkinduced delays in the loop can be described as (10) where, j ca denotes the message in forward link of the loop, j sc denotes the message in feedback link of the loop, R worst,j ca denotes the worst-case response time of the message j ca , R worst,j sc denotes the worst-case response time of the message j sc , τ max,ca denotes the maximum delay in forward link, τ max,sc denotes the maximum delay in feedback link, τ max denotes the maximum delay in the loop.
Moreover, from the real-time control point of view, it is necessary to ensure that measurement/control packets are not loss and the latest measurement or control signal is used in the shifting control process. Therefore, according to Figure 4 , it is reasonable to assume that the time-varying network-induced delays should satisfy the expressions as follows:
D. CONTROL-ORIENT DISCRETE-TIME MODELS WITH RANDOM DELAYS
As shown in Figure 4 , due to the network-induced delays caused by CAN, the dynamics model of the system with the delayed input can be described as
Generally, in the case of lower network utilization ratio, e.g., the network-induced delays in the loop satisfy τ max < T , the dynamics model of the system can be described as follows:
where 1 
Whereas, in the case of higher network utilization ratio, e.g., the network-induced delays in the loop satisfy T ≤ τ max < 2T , the second dynamics model of the system can be described as follows:
e as ds · b
III. CO-DESIGN METHOD
To ensure the stability of speed synchronization, a co-design methodology will be presented to deal with the effects of network-induced delays while considering the protocol constraints in this section, which is based on Lyapunov stability criterion and offline priority scheduling. Moreover, as mentioned above, from the application point of view, a discrete-time SMC is also designed to improve the transient performance of the speed synchronization control.
A. DISCRETE-TIME SLIDING MODE CONTROLLER DESIGN
As mentioned above, the speed synchronization control of the IMT system can be described as the speed tracking control of the driving motor. To improve the transient performance of the speed tracking, a discrete-time SMC is designed. Firstly, to ensure the accuracy of the motor speed tracking, a sliding mode surface function is defined as follows
where ω m,r is the reference motor speed.
To ensure the rapid response of the motor speed tracking and dealing with the chattering problem, a discrete-time reaching law with the boundary layer of a saturation function is defined as follows
Then, for the discrete-time motor-driving system as in (3), a discrete-time control law with the parameter H can be derived as follows
To ensure the reachability of the sliding mode surface, a Lyapunov function is defined as
Theorem 1: According to Lyapunov stability criterion, for the discrete-time SMC, the sliding mode surface will be asymptotically reachable, if the following expressions can be satisfied.
With the reaching law (17), the expression (20) can be rewritten as
According to Theorem 1, the sliding mode surface will be asymptotically reachable, if the boundary layer parameter H can satisfy the following condition.
Substituting (22) to (21), we can obtain S 2 k+1 − S 2 k < 0. Therefore, the discrete-time SMC with boundary layer can be designed as
B. CO-DESIGN METHOD OF SCHEDULING AND CONTROL
As mentioned above, due to the effect of CAN-induced delays, the discrete-time model of the system can be rewritten as model sets with delay pieces as in (14) and (15) . By substituting (23) into (14) and (15) respectively, we can obtain the system model sets of the networked close-loop speed synchronization control system as follows If τ max < T , substitute (23) into (14), the model set of the networked close-loop system can be written as
Defining a new vector Z k = ω m,k ω m,k−1 T , the augmented model set can be described as
If T < τ max < 2T , substitute (23) into (15), we can obtain the second model set of the networked close-loop system as follows
Defining another new vector
the second augmented model set can be described as
Theorem 2: According to Lyapunov stability criterion, a discrete-time system such as one in (25) is asymptotically stable if all of the eigenvalues of the system matrix set, e.g., φ ki , ∀i ∈ {1, 2, 3, 4}, locate within the unit circle on the complex plane as in Figure 5 .
Theorem 3: According to Lyapunov stability criterion, for a unstable discrete-time system such as one in (27) with any number of eigenvalues located outside the unit circle on complex plane as in Figure 6 , the discrete-time system can be stabilized if a control or scheduling approach exits, which can ensure that all of the eigenvalues of the system matrix set, e.g., φ ki , ∀i ∈ {1, 2, 3, 4}, be located within the unit circle on the complex plane.
As shown in Figure 5 and Figure6, the eigenvalue locus of the system matrix sets will be gradually away from the center as the maximum delay τ max increases. Remark 1: According to Theorem 2, the upper bound of the maximum delay τ max can be determined when the eigenvalue locus of the system matrix sets intersects the unit circle on the complex plane, which is described asτ max . To ensure the stability of the networked close-loop system, the maximum delay in the loop should satisfy the expression as follows
Remark 2: Combining expressions (10-12) and (28) , to ensure the real-time control ability and asymptotical stability of the networked close-loop system, the network-induced delays should satisfy the expressions as follows
Remark 3: To design the networked close-loop system, a communication protocol file on properties of all signals, messages and network should be defined in advance. Assuming that the communication protocol file is known, to ensure that the networked close-loop system can work, the data length VOLUME 6, 2018 of each signal in the loop of the system should satisfy the expressions (8) , and the message priorities j sc and j ca should satisfy the expressions (9) . Furthermore, according to the expressions (6)- (8), the parameters of τ max and τ max,sc can be determined. If the parameters of τ max and τ max,sc satisfy the expression (29), the real-time closed-loop system will be asymptotically stable.
Remark 4: Conversely, if the parameters of τ max and τ max,sc cannot satisfy the expression (29), according to Theorem 3 and Remark 2, the closed-loop system can be stabilized if the parameters of τ max and τ max,sc can be changed to satisfy the expression (29).
Remark 5: In order to ensure that the parameters of τ max and τ max,sc satisfy the expression (29), according to the expressions (6)- (10), the lower bounds of the priorities j sc and j ca of messages can be determined as follows
where ← j sc ← j ca are the lower bounds of the priorities j sc and j ca , respectively.
Remark 6: An offline priority scheduling scheme is introduced: If the message priorities j sc > ← j sc or j ca > ← j ca , the message priorities j sc and j ca will be offline scheduled in the networked control system design phase to satisfy the expression (31) as follows
IV. SIMULATION FOR SPEED SYNCHRONIZATION CONTROL
To evaluate the effectiveness of the proposed method, cosimulations are carried out in Matlab/Simulink R with a high-fidelity full vehicle model constructed by CarSim R . The parameters of the two-speed IMT powertrain are listed in Table 1 , which are based on an actual prototype twospeed AMT system. The other parameters of the vehicle are based on a bench model of a C-class hatchback in CarSim R dataset.
Based on the studies in [7] - [9] , the sample period of control system for the speed synchronization control is set as T = 0.01s. The fix-step is selected for the solver in Simulink as 0.001s.
Two shifting processes are selected in the co-simulations: the upshifting process and the downshifting process (see Figure 7) . Considering the entire shifting process is not the focus of this study, only the speed synchronization control process is analyzed concretely in this paper.
The motor-driving system parameters of the BLDC are identified by the RLS algorithm method implemented in MATLAB as in [7] and [8] . The parameters of model (2) can be fi as:â = −1.2637b = 1235.7
To ensure the rapid-response speed tracking performance without chattering phenomenon, the control gains and the boundary layer of the proposed discrete-time SMC controller are set as:
For the comparison purpose, a traditional SMC without considering the effects of the CAN system is also adopted as in [9] as follows:
where parameters are supposed to be bounded and some variables are defined as:
Simulation results and analysis are presented in the following sections. For each shifting process, the proposed method is evaluated in two stages: the first stage is under the ideal condition without considering the effects of the CAN to evaluate the effectiveness of the designed controller; then a highfidelity CAN model from the TrueTime toolbox is imposed into the control loop to assess the robustness of the proposed method. Figure 7 shows the simulation results of speed synchronization response under ideal condition. As shown in Figure7(a) and (c), with the proposed controller, the response time of the speed tracking control is 0.26s in downshift process and 0.30s in upshift process, respectively. Whereas, with the traditional controller, the response time of the speed tracking control is 0.28s in downshift process and 0.32s in upshift process, respectively. The results show that both the proposed controller and the traditional controller can yield satisfactory results of speed synchronization not only in the upshift process but also in the downshift process under ideal condition. Moreover, as shown in Figure7(b)(d) , the simulation results show that both of the two controllers don't cause chattering of the motor control voltage signal in the speed synchronization control process. 
A. SIMULATION UNDER IDEAL CONDITION

B. SIMULATION WITH THE NETWORK MODEL
To assess the robustness of the proposed method against the effects of the CAN system, co-simulations with a highfidelity CAN model are implemented by TrueTime toolbox, which is a high-fidelity Matlab-based network simulator and has been widely applied in industrial networked control system tests.
Firstly, a simplified communication protocol definition as in Table 2 is adopted, which is a 'benchmark' application to be use to evaluation different IMT control system provided by BAIC Group R where the data size of each packet is set as 8 bytes, the baud rate of CAN is set as 250kbps, 6 network nodes and 13 messages are defined respectively. Then, with the proposed controller, according to the procedure of codesign method aforementioned, we can obtain the upper delay boundτ max = 7.50ms. Moreover, according to the expressions (6)-(8), the maximum delay τ max before scheduling can be calculated as 8.308 ms, and the maximum delay τ max after scheduling can be calculated as 5.108 ms. Figure 8 shows the IMT powertrain system diagram with network model, where a CAN is realized using a high-fidelity model of the TrueTime network block. The MAC protocol is specified as CSMA/AMP (CAN). The speed signal is feedback to TCU node by CAN and the command signal is sent to MCU node by CAN as well. The network parameters and all message packages and their priorities are set as in to Table 1 and Table 2 respectively. Figure 9 shows the network transmission status of these messages with two different methods. As shown in Figure (a) , with the proposed method, the network-induced delay of the ''Motor speed'' in each period is described by the total width consisting of a secondary-high level and a high level in the Line 1 (the secondary-high level denotes the queuing delay as in the expression (7) and the high level denotes the physical transmission time as in the expression (8)). Similarly, the network-induced delay of the ''Control signal'' in each period is described by the total width of a secondary-high level and a high level in the Line 2 in the Figure 9 The results show that, compared to the traditional method, the proposed method can obviously reduce the networkinduced delays of the ''Motor speed'' and the ''Control signal''. As shown in Table 1 , with the proposed method the maximum delay in the loop is 5.108 ms, whereas with the traditional method the maximum delay in the loop is 8.308 ms. Compared to the traditional method, the proposed method reduces the delay by 38.517%.
Figure10 shows the test results of the speed synchronization response in the MIL simulations. With the traditional method, significant oscillations with the amplitude of around 90rpm occur in the speed synchronization in both two shifting processes. Meanwhile, the severe chattering phenomenon of the motor control voltage is also caused in two shifting processes. However, with the proposed method, the speed synchronization response is still satisfactory. No speed tracking error occurs in the steady phase and the response time is around 0.30s in the downshift process and 0.34s in the upshift process, respectively. Meanwhile, the slight chattering of motor control voltage only occurs in the transient phase, which is still satisfactory.
The results in the MIL tests show that the proposed method is more robust than the traditional method which is designed without considering the effects of the CAN system in the speed synchronization process.
V. HARDWARE-IN-LOOP EXPERIMENT
To validate the proposed method in a real CAN environment, hardware-in-loop (HIL) tests are implemented in this section. The HIL test system consisting of a dSPACE MicroAutoBox simulator and six 16-bit MC9S12XF512 based ECUs which are linked by a CAN is set up as shown in Figure 11 .
In the HIL test, the IMT powertrain model is loaded into the MicroAutoBox simulator, which is a real-time digital system based on a DS1401 board. In the IMT powertrain model, there are two logical CAN nodes: the motor sensor node and the motor actuator node. The motor sensor node samples the motor signal and sends it to TCU node via CAN and the motor actuator node receives the command signal from the TCU node via CAN and executes it. The two nodes are connected to CAN by a CAN interface of the MicroAutoBox simulator as shown in Figure. 11. Meanwhile, one ECU is chosen as the TCU node, which receives the motor speed signal, calculates the control command and sends the command signal in eventdriven mode to the motor actuator node by the CAN. Another ECU is used to collect data for result analysis as ECU5 in Figure 11 . The remaining 4 ECUs respectively denotes 4 control units for other functions which are connected into the CAN (called the interference nodes). They respectively send different interference messages with different IDs periodically shown in Table 2 . The parameters of the real CAN system are chosen as same as those in simulations according to Table 1 . Moreover, nodes and messages are also defined according to Table 2 . In the HIL tests, the messages are practically exchanged among these nodes as shown in Figure 11 . Figure 12 shows the test results of the speed synchronization in HIL experiences. These results of HIL tests are almost similar with previous MIL simulations. With the traditional controller, the significant oscillations occur in the speed synchronization in two shifting processes and the severe chattering phenomenon of the motor control voltage is also caused in two shifting processes. However, the proposed controller demonstrates good robustness against the network-induced delays caused by CAN.
Therefore, the proposed method based on the co-design methodology of scheduling and control can effectively deal with the effects of network-induced delays caused by CAN and at the same time ensure the stability of the speed synchronization for clutchless IMT powertrain system.
In addition, the motor control voltage signal in the real CAN system is slightly smoother than that in MIL simulation, which is owing to the worst-case padding bits in CAN data frames considered in the simulation.
VI. CONCLUSIONS
In order to improve the speed synchronization performance in shifting process for the clutchless IMT powertrains using CAN, not only the network-induced delay but also the protocol constraints such as the packet capability and utilization ratio limitation should be considered. In this study, the network-induced delay model considering the packet capability and utilization ratio limitation is derived. The co-design procedure is presented based on Lyapunov stability theory and offline priority scheduling. The results of co-simulations 
